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Soybean [Glycine max (L.) Merr.] and cotton (Gossypium hirsutum L.) are the major

row crops in the USA, and growers are tending toward the twin-row system and

irrigation to increase productivity. In a 2-year study (2018 and 2019), we examined

the gas exchange and chlorophyll fluorescence parameters to better understand the

regulatory and adaptive mechanisms of the photosynthetic components of cotton and

soybean grown under varying levels of irrigations and planting geometries in a split-plot

experiment. The main plots were three irrigation regimes: (i) all furrows irrigation (AFI),

(ii) alternate or skipped furrow irrigation (SFI), and iii) no irrigation or rainfed (RF), and

the subplots were two planting patterns, single-row (SR) and twin-row (TR). The light

response curves at vegetative and reproductive phases revealed lower photosynthesis

rates in the RF crops than in AFI and SFI. A higher decrease was noticed in RF soybean for

light compensation point (LCP) and light saturation point (LSP) than that of RF cotton. The

decrease in the maximum assimilation rate (Amax) was higher in soybean than cotton.

A decrease of 12 and 17% in Amax was observed in RF soybean while the decrease is

limited to 9 and 6% in RF cotton during the 2018 and 2019 seasons, respectively. Both

stomatal conductance (gs) and transpiration (E) declined under RF. The moisture deficit

stress resulted in enhanced operating quantum efficiency of PSII photochemistry (ΦPSII),

which is probably due to increased photorespiration. The non-photochemical quenching

(NPQ), a measure of thermal dissipation of absorbed light energy, and quantum efficiency

of dissipation by down-regulation (ΦNPQ) increased significantly in both crops up to

50% under RF conditions. The photochemical quenching declined by 28% in soybean

and 26% in cotton. It appears soybean preferentially uses non-photochemical energy

dissipation while cotton uses elevated electron transport rate (ETR) under RF conditions

for light energy utilization. No significant differences among SR and TR systems were

observed for LCP, LSP, AQE, Amax, gs, E, ETR, and various chlorophyll fluorescence

parameters. This study reveals preferential use of non-photochemical energy dissipation

in soybean while cotton uses both photochemical and non-photochemical energy

dissipation to protect PSI and PSII centers and ETR, although they fall under C3 species

when exposed to moisture limited environments.

Keywords: photosynthesis, irrigation levels, planting geometry (PG), chlorophyll fluorescence (CF), electron

transport, non-photochemical quenching, light compensation point
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FIGURE 2 | Light response curves of soybean at the sixth leaf (V6) stage (A,B) and beginning seed set (R5) stage (C,D) during the crop growing seasons in 2018

(A,C) and 2019 (B,D) at different levels of irrigation (AFI- all furrow irrigation SFI- skipped furrow irrigation and RF-rainfed) and planting geometries (SR-single row and

TR-twin row).

between 18.31 and 19.00µmol CO2 m−2 s−1 for the rainfed
crop. On average, irrigated crops recorded about 12 and 17%
higher photosynthesis in 2018 and 2019, respectively, compared
to the rainfed crop. A similar decrease in photosynthesis under
water-deficit conditions was reported earlier (Gilbert et al., 2011;
Zhang et al., 2011; Cotrim et al., 2021). It is believed that
decrease in LSP, LCP, and Amax, and increased AQE in soybeans
under shading stress an acclimation strategy (Hussain et al.,
2020). The stomatal conductance varied between 0.44 and 0.55
mmol H2O m−2 s−1 in 2018, while the range was from 0.45 to
0.62 mmol H2O m−2 s−1 in 2019. The PP did not affect this
parameter in the three irrigation regimes. The gs reduced by
17% in 2018 and 24% in 2019, under RF, as stomata closure
under moisture deficit conditions is widely believed to be a
major physiological response to resist leaf wilting, desiccation,
and plant death (Gilbert et al., 2011; Cao et al., 2017). The
E levels also negatively impacted 32% and 19% in 2018 and
2019, respectively. However, the ETR was significantly higher in

the rainfed crop by 6 and 9% in 2018 and 2019, respectively.
These findings echo the earlier observations (Jumrani and
Bhatia, 2019). Significant differences were observed in most
of the chlorophyll fluorescence parameters studied among the
irrigation treatments. The water deficit in RF soybean resulted
in a sharp increase in ΦPSII. The rise in ΦPSII (17% in 2018
and 8% in 2019) could be attributed to the fact that moisture
deficit activates the mitochondrial alternative oxidase leading to
less heat dissipation, which probably delays the ΦPSII decrease
(Bartoli et al., 2005). The data among AFI, SFI, and RF treatments
reveals that an increase of NPQ by 34% in 2018 and 44% in
2019 under water-deficit conditions is probably a consequence
of a concomitant decrease in the excitation energy trapping
efficiency of PSII and the non-photochemical energy dissipation.
Similarly, a significant increase ofΦNPQ in RF (30% in 2018 and
29% in 2019) was observed, revealing its role in protecting the
photosynthetic apparatus from heat damage. These observations
support the earlier findings where water-limited environments
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FIGURE 3 | Light response curves of cotton at the sixth leaf (V6) stage (A,B) and boll cracking stage-C5 (C,D) during the crop growing seasons in 2018 (A,C) and

2019 (B,D) at different levels of irrigation (AFI- all furrow irrigation SFI- skipped furrow irrigation and RF-rainfed) and planting geometries (SR-single row and TR-twin

row).

triggered a significant increase in NPQ and ΦNPQ than that of
well-irrigated crops (Zhang et al., 2011, 2016; Cao et al., 2017).
In contrast, QP levels, an indicator of the fraction of open PS
II reaction centers, declined to the extent of 21% and 35% in
the 2018 and 2019 seasons, respectively, in the RF crop, which
is believed to affect the balance between the excitation rate and
the ETR. This change may have led to a reduced state of the
PSII reaction centers as ETR levels increased marginally in the
RF crop (6% in 2018 and 9% in 2019). These findings confirm
the previously published reports (Gilbert et al., 2011; Zhang
et al., 2011, 2016; Yao et al., 2017a). The Rd is another key
parameter estimating CO2 loss and mitochondrial respiration
increased by 34 and 22% in 2018 and 2019, respectively,
indicating its role in sustaining the photosynthesis rates under
low gs. These results corroborates with the observations of
Yao (Slattery et al., 2017; Yao et al., 2017a). Photosynthesis is
a good indicator of plant growth and metabolism owing to
its significant association with biomass production and grain

yield (Gilbert et al., 2011). The current results of photosynthesis
and chlorophyll fluorescence parameters corroborate well with
previously published results, and the grain yield in different
irrigation- planting geometry combinations were 4.8Mg ha−1 in
AFI under TR, 4.7 in Mg ha−1 in SFI under TR, 4.2Mg ha−1

in AFI under SR, 4.1Mg ha−1 each in RF under TR and SFI
under SR, and 3.6Mg ha−1 in RF under SR (Pinnamaneni et al.,
2020b).

Cotton
The ANOVA revealed significant differences in photosynthetic
and chlorophyll fluorescence traits such as A, gs, E, LSP, LCP,
AQE, ETR, NPQ, QP, ΦNPQ, ΦPSII, and Rd among the
treatments (Table 3). The irrigation level had significant effects
on A, gs, E, LSP, LCP, AQE, ETR, NPQ, QP, ΦNPQ, and Rd,
while year affected all the traits except QP, NPQ, ΦNPQ, and Rd.
None of the interactions were significant except for irrigation X
year. The mean values for all the traits year-wise are presented
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TABLE 2 | Effect of irrigation and planting geometry on soybean and cotton photosynthetic parameters in 2018 and 2019.

2018 Soybean Cotton

AFI SFI RF AFI SFI RF

SR TR SR TR SR TR LSD SR TR SR TR SR TR LSD

LCP 95a 82b 88b 78b 63c 58c 11 122a 108b 125a 112b 99c 95c 13

LSP 1879a 1842a 1865a 1784 1270c 1238c 65 2245a 2146b 2257a 2180b 1738c 1643d 62

AQE 0.057c 0.052e 0.055d 0.053e 0.061a 0.059b 0.004 0.059a 0.057b 0.057b 0.053c 0.051d 0.048e 0.004

Amax 29.15a 28.94a 28.84a 28.92a 25.71b 26.01b 1.01 33.22a 32.77a 33.26a 32.5a 29.12b 30.54b 1.45

Rd −2.98b −2.83b −3.42a −3.22a −2.4oc −2.25c 0.24 −3.44a −3.25a −3.46a −3.22ab −3.33a −2.48c 0.22

gs 0.51a 0.55a 0.52a 0.5a 0.45b 0.44b 0.06 0.67a 0.68a 0.64a 0.59b 0.61a 0.55b 0.06

E 2.95a 2.86a 2.87a 2.75a 2.12b 2.2b 0.17 3.91a 3.85a 3.77a 3.45b 3.35b 2.84c 0.17

ETR 224.8b 201.4b 228.1a 234.3a 238.6a 235.4a 13.22 288.6b 291.5b 284.7b 294.3b 322.1a 324.7a 19.9

ΦPSII 0.48bc 0.46c 0.5b 0.49b 0.58a 0.59a 0.04 0.56b 0.58b 0.56b 0.57b 0.65a 0.68a 0.06

qp 0.65a 0.68a 0.65a 0.66a 0.54b 0.55b 0.04 0.78a 0.77a 0.75a 0.73a 0.62b 0.59b 0.12

NPQ 0.87b 0.85b 0.9b 0.92b 1.34a 1.34a 0.1 2.1c 1.98c 2.22c 2.34b 3.19a 3.45a 0.31

ΦNPQ 0.23b 0.20b 0.19b 0.21b 0.31a 0.30a 0.07 0.15b 0.16b 0.16b 0.18b 0.29a 0.27a 0.04

2019 SR TR SR TR SR TR LSD SR TR SR TR SR TR LSD

LCP 77 67 72 64 45 43 5 125 112 136 118 106 98 11

LSP 1789a 1721b 1634c 1687bc 1338d 1352d 52 2324b 2411a 2287b 2316b 1946c 1958c 54

AQE 0.059a 0.057a 0.053a 0.051b 0.06a 0.058a 0.008 0.054a 0.051a 0.053a 0.055a 0.049a 0.05a 0.009

Amax 21.67 22.94 19.77 22.71 19 18.31 1.3 34.32a 35.01a 34.15a 34.49a 32.13b 32.55b 1.85

Rd −3.11a −3.34a −2.72b −3.26a −2.45b −2.65b 0.29 −3.48a −3.4a −3.36a −3.34a −2.74b −2.85b 0.28

gs 0.56b 0.59a 0.49c 0.62a 0.46c 0.45c 0.03 0.74a 0.76a 0.71a 0.64b 0.6b 0.58b 0.05

E 3.78a 3.75a 3.04b 3.85a 3.01b 3.06b 0.13 4.25a 4.32a 4.35a 4.45a 3.54b 3.58b 0.34

ETR 196.8bc 186.9c 218.6a 202.3ab 214.6a 225.6a 19.21 254.6bc 260.5b 280.5b 276.5b 302.1a 297.6a 24.5

ΦPSII 0.43a 0.42a 0.43a 0.44a 0.49a 0.48a 0.09 0.52b 0.53b 0.55ab 0.52b 0.61a 0.63a 0.1

QP 0.74a 0.76a 0.69b 0.72a 0.56c 0.52c 0.07 0.82a 0.81a 0.83a 0.80a 0.65b 0.62b 0.11

NPQ 0.74b 0.77b 0.81b 0.72b 1.28a 1.42a 0.13 2.40b 2.26b 2.34b 2.48b 2.97a 3.07a 0.24

ΦNPQ 0.22b 0.25b 0.21b 0.24b 0.33a 0.32a 0.08 0.12b 0.12b 0.13b 0.14b 0.24b 0.27b 0.05

LSD, Least Significant Difference test; significant at P≤ 0.05. Means followed by the same letter within each row and crop are not significantly different. AFI, All furrow irrigation; SFI, Skip furrow irrigation; RF, rainfed; LCP, light compensation

point (µmol m−2 s−1); LSP, light saturation point (µmol m−2 s−1); AQE, apparent quantum efficiency; Amax, maximum assimilation (µmol CO2 m
−2 s−1); gs, stomatal conductance (mmol H2O m−2 s−1); E, transpiration (mmol H2O

m−2 s−1); ETR, electron transport rate (µmol m−2 s−1); ΦPSII, quantum efficiency of primary PSII photochemistry; QP, photochemical quenching; NPQ, non-photochemical quenching; ΦNPQ, quantum efficiency of non-photochemical

quenching; Rd , dark respiration (µmol m
−2 s−1).

The experiment was conducted in Stoneville, MS.
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in Table 2 as ANOVA revealed significant differences for most of
the traits among the two seasons. The LCP ranged from 95 to 125
µmol m−2 s−1 in 2018 and between 98 and 136 µmol m−2 s−1

in 2019. The RF crop recorded a 20% decrease in both seasons
for LCP. A decrease of 38% in water-stressed soybean (Zhang
et al., 2011) and between 41% and 72% decrease in sorghum
under drought (Zhang et al., 2019) was earlier reported. However,
the decrease in RF crop for LSP was 31% and 25% in 2018 and
2019, respectively. The AQE ranged from 0.048 to 0.059 in 2018
while it varied between 0.049 and 0.055 in 2019. The RF crop
recorded a 14% and 11% decrease compared to irrigated crops
for AQE in the 2018 and 2019 seasons, respectively. Similar levels
of decrease in AQE in drought-stressed cotton were observed
in a drip-irrigated study in China (Zhang et al., 2011). The
Amax ranged between 32.77 and 33.26µmol CO2 m−2 s−1 in
the irrigated crop while the range for the RF crop is between
29.12 and 30.54µmol CO2 m

−2 s−1 in 2018. The Amax ranged
between 34.15 and 35.01µmol CO2 m−2 s−1 in the irrigated
crop of the 2019 season, while the RF crop ranged between
32.13 and 32.55µmol CO2 m

−2 s−1. On average, irrigated crops
recorded about 9% and 6% higher photosynthesis in 2018 and
2019, respectively, compared to the RF crop. A similar decrease
in photosynthesis under RF conditions was reported earlier
(Heitholt et al., 1992; Massacci et al., 2008; Zhang et al., 2011).
The stomatal conductance varied between 0.55 and 0.68 mmol
H2Om−2 s−1 in 2018, while the range was 0.58–0.76 mmol H2O
m−2 s−1 in 2019. The PP did not affect this parameter in the
three irrigation regimes. The gs reduced by 12% in 2018 and
21% in 2019, a key parameter restricting photosynthesis under
RF conditions (Massacci et al., 2008; Zhang et al., 2011; Araújo
et al., 2019). Similarly, the water losses through E were reduced
by 17% in 2018 and 22% in the 2019 seasons, respectively.
However, the ETR under RF conditions was higher by 10% and
11% in 2018 and 2019, respectively. Higher ETR is believed
to be due to the enhanced operating efficiency of PSII rather
than a decrease in the photosynthesis rate in RF crops. This
corroborates that ΦPSII increased by 16 and 14% in the 2018
and 2019 seasons, respectively. A similar study conducted in MS
reported that leaves of dryland cotton have higher ΦPSII than
that of the well-irrigated crop (Pettigrew, 2004). However, other
chlorophyll fluorescence parameters, such as NPQ and ΦNPQ,
have been recorded significantly higher in RF crops vis a vis an
irrigated crop. For example, NPQ was higher by 35 and 21% in
2018 and 2019, respectively, while ØNPQ recorded 42 and 50%
enhanced levels in 2018 and 2019, respectively. The greater non-
photochemical quenching in RF crops is expected to limit energy
dissipation, thereby reducing heat damage to the photosynthetic
apparatus (Massacci et al., 2008; Gilbert et al., 2011; Slattery et al.,
2017). However, the QP reduced in RF crops by 25% in 2018
and 28% in 2019 is probably believed to be a mechanism for
reducing electron pressure and increasing open PSII reaction
center efficiency by altering redox potential (Massacci et al., 2008;
Araújo et al., 2019; Poorter et al., 2022). In contrast, the carbon
losses increased by enhanced dark respiration in rainfed crops to
the extent of 13% in 2018 and 22% in 2019, thus affecting the
cotton lint yields. It was reported earlier by Pinnamaneni et al.
(2020a) that the average lint yields in the irrigation and planting
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geometry combinations were 1,779 kg ha−1 in AFI under SR;
2,029 kg ha−1 in AFI under TR; 1,803 kg ha−1 in SFI under SR;
2,082 in kg ha−1 in SFI under TR; 1,573 kg ha−1 in RF under SR;
and 1,788 kg ha−1 in RF under TR.

Comparison Between Soybean and Cotton
Photosynthetic Parameters
Although both soybean and cotton are C3 crops, similar
trends for different photosynthetic and chlorophyll fluorescence
parameters were observed. Still, the extent of differences in
regulatory photosynthetic traits and their impact on crop
productivity appears to be different. The LCP reduction in
soybean was 50% while it was only 20% in cotton under
RF conditions. This is probably attributed to paraheliotropic
leaf movement in soybean and diaheliotropic movement in
cotton under abiotic stress, corroborating with previous reports
(Zhang et al., 2011; Hussain et al., 2020). About, 12 and 17%
decrease in the photosynthetic rate was observed in RF soybean
while the decrease is limited to 9% and 6% in RF cotton
during the 2018 and 2019 seasons, respectively. The decrease
in photosynthetic rate in soybean is significantly higher than
that of cotton under RF compared to irrigated (AFI and SFI)
crops. However, a similar decrease in gs and E was observed
in the RF condition in both crops. At the same time, the
increase in ETR was sharp in RF cotton compared to that
of RF soybean (average increase of 10.5% in cotton while 7%
in soybean).

Similarly, the NPQ and ΦNPQ, which play a critical role
in protecting PSI and PSII reaction centers by dissipating
excess energy, recorded an average increase of 39% and
46%, respectively, in RF soybean. In comparison, a 28 and
30% rise was observed in RF cotton for NPQ and ΦNPQ,
respectively. These findings are in confirmation with that of
earlier reports (Kitao and Lei, 2007; Massacci et al., 2008) but
differ from the observations on RF cotton response wherein
the quantum yield of PSII was increased, and the regulated
non-photochemical energy dissipation was decreased under a
water-limited environment (Zhang et al., 2011). This discrepancy
could probably be due to the differences in the degree of soil
moisture stress and cultivar response. Further, it can be noted
that plants dissipate excess solar radiation by triggering NPQ
to maintain optimal rates of photosynthesis and provide the
plant against oxidative damage (Mishanin et al., 2016). Another
study on pot-grown cotton revealed that the PSII quantum
yield of photochemistry may or may not be affected by drought
in the vegetative stage, subject to drought intensity (Ennahli
and Earl, 2005). However, in the case of QP and ΦPSII, there
appears to be a similar impact on both RF crops compared
to the irrigated crop. The above observations in regulating
photosynthetic and chlorophyll fluorescence parameters under
The average decrease in soybean grain yield was 16%, while

the cotton lint was reduced by 14% (Pinnamaneni et al.,
2020a,b).

CONCLUSION

It appears that the photosynthetic and chlorophyll fluorescence
parameters under diverse irrigation regimes in both soybean and
cotton were not affected by alterations in planting geometry,
despite the reported higher yields in the TR system. The
decrease in LSP, LCP, and Amax in RF crops appears to be
relatively lower in cotton than that of soybean, indicating
either lower water requirement or better tolerance to moisture
deficit. However, soybean recorded decreased AQE while cotton
exhibited higher AQE under RF conditions. The results of this
study indicated preferential use of non-photochemical energy
dissipation in soybean while cotton uses both photochemical
and non-photochemical energy dissipation to protect PSI and
PSII centers and ETR, although they fall under the C3 species.
Detailed studies with diverse moisture stress intensities coupled
with physiological and anatomical parameters during multiple
crop growth stages will help further delineate the mechanistic
role of photosynthetic and chlorophyll fluorescence pathways in
determining soybean and cotton productivities.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

AUTHOR CONTRIBUTIONS

SP: conceptualization, experiment design, data collection,
project administration, analysis, writing the manuscript, and
visualization. SA: conceptualization, project administration,
manuscript review and editing, resources, and visualization. KR:
conceptualization, project administration, manuscript review,
editing, and resources. All authors contributed to the article and
approved the submitted version.

FUNDING

This work was supported by the U. S. Department of Agriculture,
Agriculture Research Service through project number 6066-
22000-089-000D.

ACKNOWLEDGMENTS

The authors appreciate the technical assistance provided by
Mr. Russell Coleman, Biological Science Research Technician.
CPSRU, Stoneville, MS.

Frontiers in Plant Science | www.frontiersin.org 10 August 2022 | Volume 13 | Article 894706

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles


Pinnamaneni et al. Photosynthetic Response of Soybean and Cotton

REFERENCES

Anapalli, S., Fisher, D., Reddy, K., Pettigrew, W., Sui, R., et al. (2016).

Vulnerabilities and adapting irrigated and rainfed cotton to climate change in

the lower Mississippi delta region. Climate 4, 55. doi: 10.3390/cli4040055

Araújo, W. P., Pereira, J. R., Zonta, J. H., Guerra, HOC., Cordão, M. A., et al.

(2019). Gas exchange in upland cotton cultivars under water deficit strategies.

Afr. J. Agric. Res. 14, 986–998. doi: 10.5897/AJAR2019.13904

Baker, N. R. (2008). Chlorophyll fluorescence: a probe of photosynthesis in vivo.

Annu. Rev. Plant Biol. 59, 89–113. doi: 10.1146/annurev.arplant.59.032607.09

2759

Bartoli, C. G., Gomez, F., Gergoff, G., Guiamét, J. J., and Puntarulo, S. (2005).

Up-regulation of the mitochondrial alternative oxidase pathway enhances

photosynthetic electron transport under drought conditions. J. Exp. Bot. 56,

1269–1276. doi: 10.1093/jxb/eri111

Bellaloui, N., McClure, A.M., Mengistu, A., and Abbas, H. K. (2020). The influence

of agricultural practices, the environment, and cultivar differences on soybean

seed protein, oil, sugars, amino acids. Plants 9, 378. doi: 10.3390/plants9030378

Bruns, H. A. (2011). Comparisons of single-row and twin-row soybean production

in the Mid-South. Agron. J 103, 702–708. doi: 10.2134/agronj2010.0475

Cao, Z., Stowers, C., Rossi, L., Zhang, W., Lombardini, L., and Ma, X. (2017).

Physiological effects of cerium oxide nanoparticles on the photosynthesis and

water use efficiency of soybean (Glycine max (L.) Merr.). Environ. Sci. Nanosci.

Nano 4, 1086–1094. doi: 10.1039/C7EN00015D

Cotrim, M. F., Gava, R, Campos, C. N. S., de David, C. H. O., de Reis, I. A.,

Teodoro, L. P. R., et al. (2021). Physiological performance of soybean genotypes

grown under irrigated and rainfed conditions. J. Agron. Crop Sci. 207, 34–43.

doi: 10.1111/jac.12448

Du, Y., Zhao, Q., Chen, L., Yao, X., Zhang, H.,Wu, J., et al. (2020). Effect of drought

stress during soybean R2–R6 growth stages on sucrose metabolism in leaf and

seed. Int. J. Mol. Sci. 21, 618. doi: 10.3390/ijms21020618

Ehleringer, J. R., and Forseth, I. N. (1989). Diurnal leaf movements

and productivity in canopies. Plant Canopies 31, 129–142.

doi: 10.1017/CBO9780511752308.008

Ennahli, S., and Earl, H. J. (2005). Physiological limitations to photosynthetic

carbon assimilation in cotton under water stress. Crop Sci. 45, 2374–2382.

doi: 10.2135/cropsci2005.0147

Genty, B., Briantais, J. M., and Baker, N. R. (1989). The relationship

between the quantum yield of photosynthetic electron transport and

quenching of chlorophyll fluorescence. Biochim. Biophys. Acta 990, 87–92.

doi: 10.1016/S0304-4165(89)80016-9

Gilbert, M. E., Zwieniecki, M. A., and Holbrook, N. M. (2011). Independent

variation in photosynthetic capacity and stomatal conductance leads to

differences in intrinsic water use efficiency in 11 soybean genotypes before and

during mild drought. J. Exp. Bot. 62, 2875–2887. doi: 10.1093/jxb/erq461

Grichar, W. J. (2007). Row spacing, plant populations, and cultivar effects

on soybean production along the texas gulf coast. Crop Manag. 6, 1–6.

doi: 10.1094/CM-2007-0615-01-RS

Heitholt, J. J., Pettigrew, W. T., and Meredith, W. R. (1992). Light

interception and lint yield of narrow-row cotton. Crop Sci. 32, 728–733.

doi: 10.2135/cropsci1992.0011183X003200030030x

Hirata, M., Ishii, R., Kumura, A., and Murata, Y. (1983). Photoinhibition of

Photosynthesis in Soybean Leaves: II. Leaf orientation-adjustingmovement as a

possible avoiding mechanism of photoinhibition. Jpn. J. Crop Sci. 52, 319–322.

doi: 10.1626/jcs.52.319

Hussain, S., Pang, T., Iqbal, N., Shafiq, I., Skalicky, M., et al. (2020). Acclimation

strategy and plasticity of different soybean genotypes in intercropping. Funct.

Plant Biol. 47, 592–610. doi: 10.1071/FP19161

Inamullah and Isoda, A. (2005). Adaptive responses of soybean and cotton to

water stress II. Changes in CO2 assimilation rate, chlorophyll fluorescence and

photochemical reflectance index in relation to leaf temperature. Plant Prod. Sci.

8, 131–138. doi: 10.1626/pps.8.131

Isoda, A. (2010). Effects of water stress on leaf temperature and chlorophyll

fluorescence parameters in cotton and peanut. Plant Prod. Sci. 13, 269–278.

doi: 10.1626/pps.13.269

Jumrani, K., and Bhatia, V. S. (2019). Identification of drought tolerant genotypes

using physiological traits in soybean. Physiol. Mol. Biol. Plants 25, 697–711.

doi: 10.1007/s12298-019-00665-5

Kitao, M., and Lei, T. T. (2007). Circumvention of over-excitation of

PSII by maintaining electron transport rate in leaves of four cotton

genotypes developed under long-term drought. Plant Biol. 9, 69–76.

doi: 10.1055/s-2006-924280

Kramer, D. M., Johnson, G., Kiirats, O., and Edwards, G. E. (2004).

New fluorescence parameters for the determination of QA redox

state and excitation energy fluxes. Photosynth. Res. 79, 209–218.

doi: 10.1023/B:PRES.0000015391.99477.0d

Massacci, A., Nabiev, S. M., Pietrosanti, L., Nematov, S. K., Chernikova, T. N.,

et al. (2008). Response of the photosynthetic apparatus of cotton (Gossypium

hirsutum) to the onset of drought stress under field conditions studied by

gas-exchange analysis and chlorophyll fluorescence imaging. Plant Physiol.

Biochem. 46, 189–195. doi: 10.1016/j.plaphy.2007.10.006

Mishanin, V., Trubitsin, B., Benkov, M. A, Minin, A. A, and Tikhonov, A. N.

(2016). Light acclimation of shade-tolerant and light-resistant Tradescantia

species: induction of chlorophyll a fluorescence and P700 photooxidation,

expression of PsbS and Lhcb1 proteins. Photosynth. Res. 130, 275–291.

doi: 10.1007/s11120-016-0252-z

Oxborough, K., and Baker, N. R. (1997). Resolving chlorophyll a fluorescence

images of photosynthetic efficiency into photochemical and non-

photochemical components–calculation of qP and Fv-/Fm-; without

measuring Fo. Photosynth. Res. 54, 135–142. doi: 10.1023/A:10059368

23310

Pettigrew, W. T. (2004). Physiological consequences of moisture deficit

stress in cotton. Crop Sci. 44, 1265–1272. doi: 10.2135/cropsci

2004.1265

Pettigrew, W. T. (2015). Twin-row production of cotton genotypes varying in leaf

shape. J. Cotton Sci. 19, 319–327.

Pinnamaneni, S., Anapalli, S. S., Fisher, D. K., and Reddy, K. N. (2020a). Irrigation

and planting geometry effects on cotton (Gossypium hirsutum L.) Yield and

water use. J. Cotton Sci. 24, 87–96.

Pinnamaneni, S. R., Anapalli, S. S., Reddy, K. N., Fisher, D. K., and Quintana-

Ashwell, N. E. (2020b). Assessing irrigation water use efficiency and economy

of twin-row soybean in the Mississippi Delta. Agron. J. 112, 4219–4231.

doi: 10.1002/agj2.20321

Pinnamaneni, S. R., Anapalli, S. S., Sui, R., Bellaloui, N., and Reddy, K. N.

(2021). Effects of irrigation and planting geometry on cotton (Gossypium

hirsutum L.) fiber quality and seed composition. J. Cotton Res. 4, 2.

doi: 10.1186/s42397-020-00078-w

Plumblee, M. T., Dodds, D. M., Krutz, L. J., Catchot, A. L., Irby, J., and Jenkins, J.

N. (2019). Determining the optimum irrigation schedule in furrow irrigated

cotton using soil moisture sensors. Crop Forage Turfgrass Manag. 5, 1–6.

doi: 10.2134/cftm2018.06.0047

Poorter, H., Knopf, O., Wright, I. J., Temme, A. A., Hogewoning, S. W., et al.

(2022). A meta-analysis of responses of C3 plants to atmospheric CO2: dose–

response curves for 85 traits ranging from the molecular to the whole-plant

level. New Phytol. 233, 1560–1596. doi: 10.1111/nph.17802

Reddy, K. N., Burke, I. C., Boykin, J. C., and Ray Williford, J. (2009). Narrow-

row cotton production under irrigated and non-irrigated environment: Plant

population and lint yield. J. Cotton Sci. 13, 48–55.

Rosenqvist, E., and van Kooten, O. (2003). Chlorophyll fluorescence:

A General Description and Nomenclature. Practical applications

of chlorophyll fluorescence in plant biology. Springer. p. 31–77.

doi: 10.1007/978-1-4615-0415-3_2

Singh, S. K., and Reddy, V. R. (2018). Co-regulation of photosynthetic

processes under potassium deficiency across CO 2 levels in soybean:

mechanisms of limitations and adaptations. Photosynth. Res. 137, 183–200.

doi: 10.1007/s11120-018-0490-3

Slattery, R. A., Vanloocke, A., Bernacchi, C. J., Zhu, X. G., and Ort, D.

R. (2017). Photosynthesis, light use efficiency, and yield of reduced-

chlorophyll soybean mutants in field conditions. Front. Plant Sci. 8, 549.

doi: 10.3389/fpls.2017.00549

Stephenson, D. O., Barber, L. T., and Bourland, F. M. (2011). Agronomy and soils:

Effect of twin-row planting pattern and plant density on cotton growth, yield,

fiber quality. J. Cotton Sci. 15, 243–250.

Tang, Q., Feng, G., Fisher, D., Zhang, H., Ouyang, Y., et al. (2018). Rain water

deficit and irrigation demand of major row crops in theMississippi Delta. Trans

ASABE 61, 927–935. doi: 10.13031/trans.12397

Frontiers in Plant Science | www.frontiersin.org 11 August 2022 | Volume 13 | Article 894706

https://doi.org/10.3390/cli4040055
https://doi.org/10.5897/AJAR2019.13904
https://doi.org/10.1146/annurev.arplant.59.032607.092759
https://doi.org/10.1093/jxb/eri111
https://doi.org/10.3390/plants9030378
https://doi.org/10.2134/agronj2010.0475
https://doi.org/10.1039/C7EN00015D
https://doi.org/10.1111/jac.12448
https://doi.org/10.3390/ijms21020618
https://doi.org/10.1017/CBO9780511752308.008
https://doi.org/10.2135/cropsci2005.0147
https://doi.org/10.1016/S0304-4165(89)80016-9
https://doi.org/10.1093/jxb/erq461
https://doi.org/10.1094/CM-2007-0615-01-RS
https://doi.org/10.2135/cropsci1992.0011183X003200030030x
https://doi.org/10.1626/jcs.52.319
https://doi.org/10.1071/FP19161
https://doi.org/10.1626/pps.8.131
https://doi.org/10.1626/pps.13.269
https://doi.org/10.1007/s12298-019-00665-5
https://doi.org/10.1055/s-2006-924280
https://doi.org/10.1023/B:PRES.0000015391.99477.0d
https://doi.org/10.1016/j.plaphy.2007.10.006
https://doi.org/10.1007/s11120-016-0252-z
https://doi.org/10.1023/A:1005936823310
https://doi.org/10.2135/cropsci2004.1265
https://doi.org/10.1002/agj2.20321
https://doi.org/10.1186/s42397-020-00078-w
https://doi.org/10.2134/cftm2018.06.0047
https://doi.org/10.1111/nph.17802
https://doi.org/10.1007/978-1-4615-0415-3_2
https://doi.org/10.1007/s11120-018-0490-3
https://doi.org/10.3389/fpls.2017.00549
https://doi.org/10.13031/trans.12397
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles


Pinnamaneni et al. Photosynthetic Response of Soybean and Cotton

USDA-NASS. (2020). Mississippi Cotton County Estimates. Available online

at: https://www.nass.usda.gov/Statistics_by_State/Mississippi/Publications/

County_Estimates/2018/18_MS_cotton_all.pdf (accessed January 20, 2022).

Yao, H., Zhang, Y., Yi, X., Zuo, W., Lei, Z., Sui, L., et al. (2017a). Characters in

light-response curves of canopy photosynthetic use efficiency of light and N in

responses to plant density in field-grown cotton. Field Crops Res. 203, 192–200.

doi: 10.1016/j.fcr.2016.12.018

Yao, X., Zhou, H., Zhu, Q., Li, C., Zhang, H.,Wu, J. J., et al. (2017b). Photosynthetic

response of soybean leaf to wide light-fluctuation in maize-soybean

intercropping system. Front. Plant Sci. 8, 1695. doi: 10.3389/fpls.2017.01695

Ye, Z. P. (2007). A new model for relationship between irradiance and

the rate of photosynthesis in Oryza sativa. Photosynthetica 45, 637–640.

doi: 10.1007/s11099-007-0110-5

Ye, Z. P., Ling, Y., Yu, Q., Duan, H. L., Kang, H. J., et al. (2020). Quantifying

light response of leaf-scale water-use efficiency and its interrelationships with

photosynthesis and stomatal conductance in C3 and C4 species. Front. Plant

Sci. 11, 374. doi: 10.3389/fpls.2020.00374

Zhang, F., Zhu, K., Wang, Y. Q., Zhang, Z. P, Lu, F., et al. (2019). Changes

in photosynthetic and chlorophyll fluorescence characteristics of sorghum

under drought and waterlogging stress. Photosynthetica 57, 1156–1164.

doi: 10.32615/ps.2019.136

Zhang, J., Liu, J., Yang, C., Du, S., and Yang, W. (2016). Photosynthetic

performance of soybean plants to water deficit under high and low light

intensity. South Afr. J. Bot. 105, 279–287. doi: 10.1016/j.sajb.2016.04.011

Zhang, Y. L., Hu, Y. Y., Luo, H. H., Chow, W. S., and Zhang, W. F. (2011). Two

distinct strategies of cotton and soybean differing in leaf movement to perform

photosynthesis under drought in the field. Funct. Plant Biol. 38, 567–575.

doi: 10.1071/FP11065

Author Disclaimer: Trade names are necessary to report factually on available

data; however, the USDA neither guarantees nor warrants the standard of the

product or service. The use of the name by USDA implies no approval of the

product or service to exclude others that may also be suitable.

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2022 Pinnamaneni, Anapalli and Reddy. This is an open-access article

distributed under the terms of the Creative Commons Attribution License (CC BY).

The use, distribution or reproduction in other forums is permitted, provided the

original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Plant Science | www.frontiersin.org 12 August 2022 | Volume 13 | Article 894706

https://www.nass.usda.gov/Statistics_by_State/Mississippi/Publications/County_Estimates/2018/18_MS_cotton_all.pdf
https://www.nass.usda.gov/Statistics_by_State/Mississippi/Publications/County_Estimates/2018/18_MS_cotton_all.pdf
https://doi.org/10.1016/j.fcr.2016.12.018
https://doi.org/10.3389/fpls.2017.01695
https://doi.org/10.1007/s11099-007-0110-5
https://doi.org/10.3389/fpls.2020.00374
https://doi.org/10.32615/ps.2019.136
https://doi.org/10.1016/j.sajb.2016.04.011
https://doi.org/10.1071/FP11065
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

